Aim To examine the histological and immunocytochemical characteristics of epiretinal membranes (ERM) associated with stage 4 macular holes (MH) so as to establish a vitreoretinal rationale for surgery in stage 4 MH. Method Consecutive patients with stage 4 MH undergoing vitrectomy and membrane peeling were recruited. Preoperatively, the eyes were examined for ERM formation over the macula and completeness of posterior hyaloid membrane (PHM) separation from the retina. ERM peel specimens obtained during surgery were sent for histological and immunocytochemical studies and were compared with the PHM specimens taken from a previous post-mortem study of eyes with physiological posterior vitreous detachment but without macular holes. Result A total of 13 patients with stage 4 MH fulfilled the inclusion criteria and were recruited. Preoperatively, all eyes had an ERM over the macula and incomplete separation of the PHM seen as a defect in the PHM on specular biomicroscopy. Histologically, the ERM specimens had very similar morphological characteristics to PHM, consisting of an eosinophilic membrane of varying thickness with scattered spindleshaped cells. The membranes stained positively for type IV collagen while the cells were glial fibrillary acidic protein positive. Postoperatively, successful closure of MH was achieved in all cases. Conclusion Stage 4 MH is characterised by incomplete separation of the PHM from the retina with remnants overlying the macula manifesting as ERM. Removal of the ERM is required during vitrectomy in order to relieve the tangential forces involved in the development of MH.
Introduction
Idiopathic macular hole (MH) is a rare condition that affects mainly women in their seventh decade. It has been proposed that MH develops as a result of prefoveal cortical vitreous contraction, causing tangential forces that dehisces the neurosensory retina at the fovea. 1 The role of surgery in macular hole repair has traditionally been considered to eliminate tangential surface traction at the vireoretinal interface and there is clinical, OCT, and surgical evidence to support this hypothesis. [1] [2] [3] [4] [5] [6] In stage 4 holes, however, the rationale for vitrectomy surgery becomes less easy to extrapolate since the vitreous has (by definition) already separated from the retina. It also calls into question why such holes do not more commonly undergo spontaneous closure.
Genuine posterior vitreous detachment (PVD) should be defined as the separation of not only the cortical gel but in addition, the posterior hyaloid membrane (PHM). 7 This study was designed to test our hypothesis that stage 4 holes are characterised by a 'rhexis' in, and incomplete separation of, the PHM from the retinal surface with PHM remnants still attached to the macula. Our study compares the histological and immunocytochemical characteristics of the residual surface membrane removed from stage 4 MHs with those of the PHM from physiological, uncomplicated PVD in order to provide a rationale for vitrectomy and membrane peeling in stage 4 MHs.
Method
Patients referred to the Vitreoretinal Service at Addenbrooke's Hospital for MH surgery were invited to participate in the study following informed consent. Only patients with stage 4 MH were included in this project. No time restriction was imposed for the prior duration of symptoms and all patients who chose to undergo surgery were included so that cases were consecutive and unselected. The study was approved by the local ethics committee.
Preoperative data collected for each patient included age and sex of patient, past ophthalmic history, visual symptoms encountered, and the duration of those symptoms. Each patient underwent a complete ophthalmological examination including best-corrected Snellen acuity, slit-lamp examination, and biomicroscopic examination of the vitreous, PHM, and its relationship to the fovea/retina.
An MH was diagnosed when a full-thickness retinal dehiscence involving primarily the foveola was seen on biomicroscopy. The presence of a PVD was confirmed by the identification of the PHM, characterised by a mobile and refractile membrane bordering the posterior vitreous gel. It was best identified by specular, dynamic biomicroscopy with the slit-lamp light source offset by about 101. The presence or absence of a defect in the PHM was also documented. The defect was seen as a scimitar 'capsulorhexis-like' defect, with cortical gel spilling through posteriorly into the preretinal space ( Figure 1) .
Vitrectomy was carried out with a three-port technique. The epiretinal membrane (ERM) (resulting from residual attached PHM over the macula) was removed using a 25 G needle or a pair of forceps. The membrane was sent for histology and immunocytochemistry. Prior to closure, a fluid-gas (14% perfluoropropane (C 3 F 8 )) exchange was carried out and the patients were advised to posture face down for 2 weeks postoperatively. In the postoperative period, information on the anatomical outcome, best-corrected visual acuity and the development of any postoperative complications were obtained from the latest outpatient visit.
To act as controls, patients with physiological PVD and without MH were studied from an unselected group of general medical in-patients as previously reported. 7 In brief, patients were recruited from general medical wards with informed written consent and were given a full ophthalmological examination to identify the presence of a PVD as described above. In the event of the patient's death, his/her eyes were enucleated and fixed in 10% buffered formal saline before preparation for histological and immunocytochemical examination of the PHM.
Specimen processing
The specimens from MH surgery were fixed in formalin. The visible membranes were removed from the specimen pots and placed directly into liquid agar (agar gel dissolved in 10% formalin and heated with a microwave oven). After setting, these agar blocks were placed into tissue cassettes and processed into paraffin wax blocks using a standard tissue processor (PathCenter, Shandon Scientific Ltd, Chadwick Rd., Runcorn, Cheshire, UK). Consecutive ribbons of 5 mm sections were cut, placed on seven coated slides, and stained with haematoxylin and eosin (H&E) or immunocytochemical stains (see below).
The control specimens were processed in one of two ways. Firstly, five globes were processed into oversized paraffin blocks as previously described. 7 These globes were sectioned in para-sagittal planes giving central, temporal, and nasal callotes. Sections were cut at a number of levels including through the optic disc and stained with H&E and alcian blue (to highlight the vitreous gel). In the second group (two globes), a 13 mm trephine centred on the optic nerve was used to remove a disc of posterior sclera, choroids, and retina, giving access to the posterior aspect of the PHM. The PHM was retrieved intact and fixed in 10% buffered formal saline before being air-dried on coated slides. This was stained with H&E.
Immunocytochemistry was carried out for type II and type IV collagen, low and high molecular weight cytokeratin (MNF 116) and glial fibrillary acidic protein (GFAP) using a standard immunoperoxidase technique according to the manufacturer's instructions. Sections for type II collagen staining were predigested with trypsin while antigen retrieval for the remaining antibodies was achieved by micro-waving the sections in buffer. In all cases, the avidin-biotin complex method with 
Results
A total of 13 patients with stage 4 MH of varying durations underwent surgery and were therefore recruited into the study. Patient demographics, surgical procedures, and outcomes are summarised in Table 1 . The average age of the patients was 66 years. There were seven females and six males. The duration of preoperative symptoms averaged 16 months (range of 1-60 months). One patient (patient 11) was highly myopic with a spherical equivalent of À11 dioptres and one patient (patient 9) had previous surgery for retinal detachment not involving the fovea. Best corrected preoperative visual acuity ranged from 6/18 to 3/60.
On preoperative examination, all patients had evidence of PVD with the presence of a visible PHM. All patients also demonstrated a defect in the PHM with ERM surrounding the MH.
Postoperatively, successful MH closure was achieved in all cases with improvement of best-corrected Snellen visual acuity at final follow-up (Table 1 ). The mean follow-up duration was 16 months (range: 6 months to 3 years). Three patients required subsequent cataract surgery (patients 7, 10, and 13) and one patient (patient 2) developed retinal detachment postoperatively.
Histology and immunocytochemistry
Six out of 13 membrane peel specimens were successfully collected during surgery and submitted for histological examination. Only three specimens survived processing for histology. All exhibited a diaphanous, eosinophilic membrane of varying thickness, ranging from 2 to 25 mm, and studded with scattered spindle shaped cells (Figure 2 ). The cells usually appeared to be lining one side of the membrane, although some examples appeared to show cells embedded in the membrane. They had round or oval nuclei and were sparse in number, appearing quite widely spaced along the membrane. No other cell types (including retinal pigment epithelial cells, photoreceptors and inflammatory cells) were identified by routine stains.
Immunocytochemistry showed the membrane specimens to be positive for type IV collagen (Figure 3a) . Type II collagen stain was weakly positive and appeared Eye as an amorphous smudge along one (presumably vitreous or 'nonretinal') aspect of the membrane without appearing to stain the main body of the membrane itself (not shown). The GFAP stain showed weak focal positivity marking the cells along the edge of the membrane (Figure 3b ). The stain for pancytokeratin marker MNF116 was negative. In control eyes with PVD, the posterior aspect of the detached vitreous was clearly visible as a convoluted membrane, the PHM. This membrane contained occasional cells with spindle or oval-shaped nuclei that were strikingly similar in appearance to the cell population in the above specimens (Figure 4) . In some cases, the PHM was particularly thick and cellular, resembling detached retinal inner limiting membrane (ILM) (Figure 4a ). With immunocytochemistry, the PHM demonstrated focal positivity for GFAP (marking the spindle cells) and type IV collagen, (Figure 4b and c) , but positivity for these stains was variable, as we have previously reported. 7 The convoluted nature of the PHM, coupled with the two-dimensional view seen in microtomy sections made it impossible to assess which segment of the PHM overlay the macular before detachment occurred. The cells in the PHM were more easily seen in the membranes removed from the vitreous chamber following trephining of the posterior sclera. In these specimens, the Weiss ring was often visible. The cells in the membrane were most densely populated around this ring, and became increasingly sparse further from the posterior pole. In addition, pigment-laden cells and occasional inflammatory cells could be seen around the Weiss ring in some cases. These additional cell components were absent away from the ring margin.
Discussion
The pathogenesis of MH is yet to be completely understood and is subject to debate. Gass proposed a Eye classification of idiopathic MH that has been widely adopted. 8 Stage 1A and 1B lesions were thought to represent focal foveal detachments with the development of a full thickness dehiscence heralding stage 2. In both stages, the vitreous gel was attached, and it was postulated that tangentially orientated contraction of the prefoveal cortical vitreous might be responsible for the clinical changes. In stage 3, the vitreous gel remains attached, but with some cases showing vitreofoveal separation possibly implying the earliest stages of PVD. The development of PVD signified transition to stage 4.
The surgical rationale for 'early' (stages 1-3) MHs has now been established. Extrapolating Gass' theories of pathogenesis into surgical practice, Kelly and co-workers 2,3 pioneered successful MH closure using vitrectomy to induce and complete the process of PVD, and gas tamponade to maintain hole closure in the immediate postoperative period. Providing the initiating tangential shortening has been successfully eliminated, MH closure is maintained even after the effect of the internal tamponade has expired. Many single-and multicentre trials have followed, which generally suggest that early surgery (o6 months symptoms, small holes) and adequate postoperative tamponade of the MH are important factors associated with successful closure. [9] [10] [11] [12] [13] Late, chronic stage 4 holes have the least successful surgical outcome. In many series, the individual proportion of stage 4 holes is not clearly specified. However, where these data are reported, successful closure appears to be more difficult to achieve. 14 Furthermore, the rationale of surgery to separate and remove vitreous from the retinal surface in these cases sits rather uneasily alongside Gass' theorem, since the vitreous has (by common consenus) already separated from the retina.
It is commonly accepted that the presence of a Weiss' ring is evidence of PVD. However, we feel that the identification of a defect-free PHM is a far more accurate indication of complete vitreous separation and this is of particular relevance in patients with stage 4 MH. For instance, the Weiss' ring may be destroyed during the process of posterior vitreous separation. Alternatively, even though the PHM may separate cleanly from the optic disc resulting in the formation of a Weiss ring, a further dehiscence in the neighbouring PHM overlying the macula can still result in an incomplete separation from the posterior pole. In this study, a defect could be demonstrated in the PHM in all recruited patients. A possible reason for the dehiscence of the PHM over the macula may be the presence of attachment plaques between the vitreous and retinal surface in that area only. 15 The presence of ERM could be identified in all our patients preoperatively. Histologically, the appearances of the ERM peeled were comparable to specimens removed in other studies. 16, 17 The ERM specimens also showed resemblance in their histological and immunocytochemical characteristics with PHM specimens obtained in a previous study. 7, 18 They both contain type IV collagen and GFAP-positive cells. This supports our clinical impression that during the process of PVD in eyes with stage IV MH, dehiscence of the PHM over the macula results in remnants being left and manifesting as ERM. Further support for this hypothesis is provided by an electron microscopy study by Kishi et al, 19 who found vitreous remnants overlying the fovea in 44% of autopsy eyes with PVD.
The expression of GFAP in the cells associated with the membrane suggests they are of astrocytic lineage and they have been commonly referred to as simple glial ERMs. 20 However, their frequent occurrence at the vitreoretinal interface has led us to suggest that such cells (also called laminocytes) may be a normal component of the inner limiting membrane of the retina. 18 The presence of ILM components, that is, type IV collagen, and laminocytes, in the PHM of control PVD eyes confirms that, at least in some cases, vitreous detachment must occur beneath the level of the retinal ILM. Whether this is the case in all instances is less certain, as negative staining for ILM components could be due to loss of these antigens in eyes from patients who will usually have had their PVD many years before dying, and does not necessarily indicate separation has occurred above the ILM.
The role of ERM in the pathogenesis of MH remains to be resolved. The ERM specimens in a series by Messemer et al 16 were found to be highly convoluted, suggesting contracture. Similar contracture has been found in ERMs of macular pucker and cellophane maculopathy. 21 This supports our clinical impression that ERM plays an important role in the maintenance of stage 4 MH. The high success rate of MH closure in this series also provides additional evidence of the importance of addressing the tangential force involved in MH formation. This is in keeping with a review of recent literature, which reveals several studies in which ERM/ ILM peeling in macular surgery has resulted in high MH closure rates.
